When tobacco (Nicotiana tabacum L.) cultured cells at the stationary phase were transferred to culture medium that contained cytokinin (benzyladenine) instead of auxin (2,4-dichlorophenoxyacetic acid), proplastids in the BY-2 cells were converted to amyloplasts within 48 h. The data obtained from in vitro transcription assays using isolated plastid-nucleoids (nuclei) strongly suggested that amyloplast formation in BY-2 cells was accompanied by changes in the transcriptional activities of plastid genes.
Plastids in higher plants have their own DNA, and they differentiate into various specialized organelles in an organspecific manner. It is of interest to determine how the expression of plastid genes is controlled during the process of plastid differentiation. The regulation of plastid gene expression during the biogenesis of chloroplasts has been extensively studied because of the importance of their principal function, photosynthesis. By contrast, the biogenesis of amyloplasts and the regulation of plastid gene expression during this process have not been examined in detail, even though amyloplasts are the sites of synthesis and storage of starch and are important constituents of the storage organs of higher plants. Studies of the processes and the mechanisms involved in the formation of amyloplasts are essential if we are to clarify the way in which plants turn on their storage functions.
To study the process of amyloplast formation, we have established procedures for the induction of amyloplast formation in suspension-cultured tobacco (Nicotiana tabacum L.) cells (line . We have also analyzed the regulation of transcription of plastid genes in amyloplasts by an in vitro transcription assay using isolated plastid-nucleoids. The conditions for the culture of tobacco cell line BY-2, derived from Nicotiana tabacum L. cv Bright Yellow-2 (3), were described previously (14) . For the induction of the transformation of proplastids to amyloplasts, auxin (2,4-D; 0.2 mg L-'), which was present in the conventional medium, was replaced by cytokinin (BA; 1 mg L-`), and 8.5 mL of a suspension of cells in stationary phase were transferred into 150 mL of the modified medium. The formation of amyloplasts was monitored by counting numbers of amyloplasts per cell under a light microscope. For measurement of the starch content of the cells, protoplasts prepared from 1 x 105 cells were treated with Sarkosyl (1%, w/v) and proteinase K (1 mg mLU-) at 300C for 1 h, and the hot-ethanol (80%, v/v) insoluble fraction was used for the extraction of starch. Starch was extracted with hot water and perchloric acid and quantified by the phenol-sulfuric acid method (1).
Isolation of Proplastid-Nucleoids and AmyloplastNucleoids
Procedures for the isolation of proplastid-nucleoids (nuclei) were described previously (8) . Amyloplast-nucleoids (nuclei) were isolated from BY-2 cells that had been cultured in the modified medium for 48 h. The cells were collected from 1.8 L of culture by sedimentation under gravity, and they were treated with enzyme solution (0. 6 Protoplasts were disrupted by repeated passages through layers of nylon mesh, the pore sizes of which was decreased stepwise from 300 to 20 Am as the disruption proceeded.
Each of the suspensions of broken protoplasts (200 mL) was overlaid onto a sucrose cushion (50 mL each of 20% [w/v] sucrose in TAN buffer) in four 250-mL centrifugation tubes.
After centrifugation at 150g for 15 min, the pellets of amyloplasts were resuspended in 80 mL of TAN buffer. Procedures for the isolation of amyloplast-nucleoids from amyloplasts were the same as those for the isolation of proplastid-nucleoids (7).
In Vitro Transcription
Conditions for the assay of transcription in vitro in isolated plastid-nucleoids were described previously (12) . Isolated plastid-nucleoids, suspended in TAN buffer, were mixed with 1.5 volume of concentrated reaction mixture that had been warmed to 260C to start transcription. The final reaction mixture contained 40 mi Tris-HCl (pH 7.6), 9 mIM MgCl2, 24 'LM (NH4)2SO4, 0.01% (w/v) Nonidet P40, 180 gM ATP, 180
Mm GTP, 180 Mm CTP, and 5 ,M [5,6-3H]UTP. Concentration of template DNA in the reaction was about 50 gg mL-1. In addition, 0.2 M sucrose, 0.2 mm EDTA, 0.5 mM spermidine, 2.8 mnim 2-mercaptoethanol, and 0.16 mm PMSF were introduced from the TAN buffer. The reaction mixtures were incubated for 1 h at 260C, and incorporation of [5, 6 -3H]UTP into RNA was determined by scintillation counting after spotting the reaction mixtures onto DE-81 paper, with four washes in 5% (w/v) Na2HPO4, two in water, and two in ethanol. 32P-labeled transcripts, which were used as hybridization probes, were synthesized by the isolated plastidnucleoids as described above with the exception that [5, 6 -3H]-UTP was replaced by 0.1 Mm [a-32P]UTP. Procedures for the recovery of the labeled transcripts were described previously (12) .
DNA Probes
The gene-specific inserts for psbA (1.3-kb SpeI fragment), atpA (1.4-kb HincII fragment), rpoB (1.1-kb BamHI fragment), psaA/B (2.5-kb BamHI fragment), atpB (0.9-kb BamHI-EcoRI fragment), rbcL (1.2-kb BamHI fragment), petB (0.8-kb XhoIEcoRI fragment), rp1l6 (1.3-kb XbaI fragment), and 23S rRNA gene (0.7-kb EcoRI fragment) from tobacco plastid DNA, which had been cloned into pBluescript SKII+ (Stratagene, La Jolla, CA) were purified from agarose gels by use of the GENECLEAN II kit (BIO 101 Inc., La Jolla, CA) and were used as probes.
Quantification of DNA and Hybridization Procedures
Electrophoresis, blotting of DNA, and hybridization were performed according to the methods described previously (12) . Amounts of DNA in isolated plastid-nucleoids were measured by hybridization as described previously (12) , with the exception that gel blots of HindIII fragments generated by direct digestion of isolated plastid-nucleoids were used instead of slot-blots of DNAs extracted from plastid-nucleoids. Quantification of the intensities of signals on the autoradiograms was achieved by densitometric scanning of the x-ray films.
RESULTS

Induction of Amyloplast Formation in BY-2 Cells
When tobacco BY-2 cultured cells are grown in the conventional medium that contains auxin (2,4-D; 0.2 mg L-1), they proliferate rapidly and contain proplastids. Plastids in BY-2 cells at stationary phase (7 d after inoculation) are so small that they cannot be seen clearly by bright-field microscopy at low magnification. However, when BY-2 cells on the seventh day of the culture were transferred to the modified medium that contains cytokinin (BA; 1 mg L-l) instead of auxin, proplastids in the cells began to accumulate starch granules and were gradually converted into large amyloplasts (Fig. 1A) . Numbers (Fig. 1B) . The starch content of the cells increased 65-fold during the 48-h conversion of proplastids to amyloplasts, and it continued to increase thereafter, reflecting the increase in the starch content of each amyloplast.
Isolation of Amyloplast-Nucleoids and Analysis of Transcriptional Activities of Plastid Genes
To analyze whether transcription of plastid genes is regulated differently in amyloplasts and proplastids, both plastidnucleoids were isolated and used in assays of transcription in vitro. Amyloplast-nucleoids were isolated from BY-2 cells cultured in the modified medium for 48 h. Proplastid-nucleoids, as controls, were isolated from BY-2 grown in the conventional medium for 60 h. Isolated amyloplast-nucleoids and proplastid-nucleoids were observed as tiny fluorescent spots by 4',6-diamidino-2-phenylindole-fluorescence microscopy, indicating that they retained the same compactly organized structures as those observed in vivo (data not shown).
Transcriptional activities of amyloplasts and proplastids were estimated and compared by assays of transcription in vitro using isolated plastid-nucleoids. Incorporation of [5,6-3H]UTP into transcripts by the isolated amyloplast-nucleoids during 60 min of incubation was 62% of that by the isolated proplastid-nucleoids, as determined by liquid scintillation counting (data not shown). To analyze the transcriptional activity at the genomic level of resolution, we performed Southern hybridization using 32P-labeled transcripts generated in vitro by the isolated plastid-nucleoids ( Fig. 2A) . The relative intensities of the respective hybridization signals from the bands of restriction fragments reflect the relative transcriptional activities of genes located on these restriction fragments. A number of restriction fragments gave decreased hybridization signals when transcripts generated by the amyloplast-nucleoids were used as probes. However, several restriction fragments (arrowheads in Fig. 2Ac ) gave relatively intense hybridization signals when transcripts generated by the isolated amyloplast-nucleoids were used. The transcriptional maps of isolated plastid-nucleoids (Fig. 2B) indicated that the transcriptional activities of plastid genes were generally lower in the amyloplast-nucleoids than in the proplastid-nucleoids. However, transcriptional activity of the regions that contained genes such as psbA and psaA/B was maintained or was slightly higher in the amyloplast-nucleoids than in the proplastid-nucleoids.
To gain further insight into transcriptional regulation of individual genes, stoichiometric amounts of gene-specific DNA fragments were hybridized with in vitro transcripts from isolated plastid-nucleoids (Fig. 2C) . Relative transcriptional activities of seven out of nine genes investigated were markedly reduced in the amyloplast-nucleoids, whereas those of psbA and psaA/B were maintained.
These results strongly show that the relative transcriptional activities of plastid genes, as well as the overall transcriptional activity of the plastid genome, change dynamically when proplastids are converted into amyloplasts in BY-2 cultured cells.
DISCUSSION
In the present study, we established a procedure for the induction of amyloplast formation in tobacco cultured cells. When BY-2 cells were transferred into auxin-depleted culture medium that contained cytokinin, proplastids in the cells were converted to amyloplasts within about 48 h. This system can be used as a model for analysis of the process of amyloplast formation in storage organs and root caps, even though it is unclear at present whether the amyloplasts in BY-2 cells correspond to the amyloplasts present in plant organs.
Transcriptional activities of isolated amyloplast-nucleoids and proplastid-nucleoids were significantly different. Incorporation of [5,6-3H] UTP into the RNA fraction of isolated amyloplast-nucleoids was down 38% from that of the isolated proplastid-nucleoids. Hybridization experiments with 32P-labeled transcripts demonstrated that transcriptional activities of many plastid genes were reduced in isolated amyloplastnucleoids. Exceptions are transcription of the genes for two photo reaction center polypeptides; transcription rates of psbA and psaA/B were maintained in isolated amyloplastnucleoids.
Characterization of the transcription by isolated plastidnucleoids was described previously (12) . Qualitative patterns of transcripts generated by lysed plastids and isolated plastidnucleoids were mostly similar, and both were similar to that of steady-state amounts of transcripts in living cells. In addition, patterns of transcription in isolated proplastid-nucleoids were unchanged if duration of incubation time did not exceed 60 min (unpublished result). These results suggest that, in our experimental conditions, the transcription in isolated plastid-nucleoids reflects the processes in living cells. Therefore, observed differences in the transcriptional activities between isolated amyloplast-and proplastid-nucleoids likely reflect the differences in the transcriptional regulation of plastid gene expression between two types of plastid.
The mechanisms and reasons for maintenance of transcription of psbA and psaA/B in amyloplasts are at present unclear, although transcription of psbA was also reported for amyloplasts in sycamore cultured cells (9, 10) . One possible and simple explanation is the decline in the level or specific activity of plastid RNA polymerase. 
